T he rational design of new catalyst materials and catalytic processes is a scientific endeavour with the potential to greatly improve the efficiency of chemical production through increasing the selectivity for desired products. Recently, a massive effort was launched to design materials, including catalysts, with specific and predictable functions 1, 2 . This effort is largely theory based and focused on the development of descriptors that predict catalyst activity through the calculation of thermodynamic properties, although selectivity can also be addressed with such methods 3, 4 . One of the major challenges in catalysis, however, is catalytic behaviour-especially selectivity-which is controlled by kinetics and requires fundamental information about rate constants, rate laws and timescales for the possible restructuring of catalytic material under different reaction conditions. Historically, catalytic processes were developed by the empirical screening of materials. Rates and selectivities for specific reactions were measured as a function of reactant partial pressure and temperature 5 , and the elementary steps often inferred to provide a means for interpolating the reactor performance over restricted ranges of temperature and reactant pressures. The determination of accurate rate constants and reaction sequences that can be used to extrapolate to a wider range of conditions was generally beyond the scope of such research and, hence the empirical modelling is only reliable for a narrow range of conditions and for specific catalyst materials.
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Although the empirical approach was effective in early catalyst development, the invention of new processes requires a systematic and informed approach. Modern surface-science tools enable the dissection of complex reactions into molecular-scale elementary steps and provide the associated rate constants for well-defined conditions, at first inspection, at very low pressures. A major goal is to employ accurately measured rate parameters, obtained from such model studies, to predict and understand the performance of heterogeneous catalysts under operational conditions. At the root of this translation across orders of magnitude of pressure, over a wide range of temperatures (hundreds of degrees kelvin) and from a welldefined surface to the actual catalyst, is the application of a fundamental understanding of the kinetics and response of the surface to the changes in reaction conditions. Previously, these differences in conditions have been referred to as the pressure and material gaps (often neglecting critical temperature differences), but they actually comprise a knowledge continuum, which can be understood from basic principles.
Overall, the challenge is to scale the model studies from one set of conditions with specific adsorbate coverages, temperature and material to practical catalytic conditions. The higher temperatures used during catalysis may maintain a relatively low concentration of reaction intermediates, which often parallels lower pressure model conditions. Elevated temperatures in catalytic reactors also change the surface lifetimes of adsorbates and the rates of specific elementary steps and, further, may lead to important changes in materials structure compared to the model studies. Altogether, these complexities render a challenging translation of catalytic behaviour across these vastly different conditions.
Here we used transient pulse-response kinetic measurements under Knudsen flow conditions-temporal analysis of products (TAP) 6 -to provide a bridge between fundamental single-crystal measurements and reactor performance at atmospheric pressure for the selective oxidation of methanol on gold. Selective oxidation is an important subset of catalytic transformations that yields valuable products in the chemical and pharmaceutical industries [7] [8] [9] . The reaction kinetics were monitored with millisecond time resolution on the actual high-surface area catalyst material (nanoporous Ag 0.03 Au 0.97 ) at the operational temperature. Using the elementary steps, activation energies and pre-exponential factors determined from single-crystal studies, we accurately predicted the selectivity for the catalytic oxidative coupling of methanol to methyl formate over nanoporous gold (NPAu) catalysts under catalytic conditions. The approach used is general and applicable to many other catalytic reactions. The results show that the selectivity for ester formation depends on both temperature and pressure. We document and explain a significant pressure effect that arises from changes in the relative concentration of adsorbed reactive intermediates, which illustrates a powerful approach for quantitatively predicting catalytic behaviour with a broad applicability, even for multistep and complex transformations. This method holds the promise to deliver on catalysis by design, because an understanding of the temperature and pressure effects on selectivity can be used to test the sensitivity of key steps to the composition and structure of catalyst materials as a function of reaction conditions, which leads to the possibility of catalyst modification that targets the rates of specific elementary steps in the catalytic cycle.
Results
Reaction mechanism from studies in ultrahigh vacuum. Previous model studies [10] [11] [12] in ultrahigh vacuum (UHV) have established the cycle for oxygen-assisted methanol esterification over metallic gold (Fig. 1 ).
An adsorbed O initiates the catalytic cycle by selectively activating the CH 3 O-H bond to form an adsorbed methoxy, which undergoes the competing oxidative coupling to methyl formate or total combustion to CO 2 (refs 13, 14 ). Temperature-programmed reaction spectroscopy (TPRS) experiments (Methods and Supplementary Note 3) performed on the single-crystal surface showed that the selectivity for ester formation depends strongly on the initial O coverage, which ranged from nearly 100% for 0.05 monolayers of O (Fig. 2) to 20% at 0.50 monolayers 15 . The reactivity is essentially the same on Au(111) and Au(110) under these conditions. The mechanism in Fig. 1 contains all the elementary steps known to be involved in the oxygen-assisted coupling of methanol on gold [14] [15] [16] [17] . Remarkably, the mechanism derived from single-crystal studies predicts the general patterns of the catalytic, oxygen-assisted coupling of alcohols to esters in both the gas and liquid phases at atmospheric pressure and above 18 . Critical to the catalytic pathway is the formation of the adsorbed O species, as pure metallic gold does not activate dioxygen at a measurable rate 19, 20 . Nanoporous Ag 0.03 Au 0.97 is an excellent catalyst for selective methanol coupling; 18, 21, 22 the small amount of Ag facilitates O 2 dissociation. Methanol and O 2 partial pressures are selected to both create the active O atoms and prevent the formation of silver oxides [23] [24] [25] . The active site density on this catalyst is dictated by the low concentration of Ag at the surface and is between 0.02 and 0.05 monolayers. Indeed, the selectivity for methyl formate production from methanol and O 2 is > 95% under steady-state flow conditions at 1 atm; CO 2 is the only other product 18, 25 .
Formulating the reaction scheme. The catalytic cycle and its reactions used in our analysis are summarized by the network in Fig. 3 .
In general, at the higher temperatures and pressures used under catalytic conditions, formaldehyde can desorb from the surface-a notable difference from the single-crystal studies, which are conducted at such low temperatures that formaldehyde reacts before leaving the surface. In general, the low active-site density of the catalyst and the relatively high operating temperature keeps the con- Methanol is activated via atomic oxygen that forms a surface-bound methoxy. The methoxy then undergoes β -H elimination to form surface-bound formaldehyde. Ester production occurs via nucleophilic attack of the formaldehyde by unreacted methoxy and subsequent loss of H. Combustion is initiated through the reaction of formaldehyde with O on the surface; formate, which yields CO 2 , is formed by the loss of hydrogen to the surface. Water is a major by-product of both pathways. The same pathway is observed on Au(110).
centration of the reactive intermediates low, which eliminates the potential effects of lateral interactions on the rate constants.
Effect of temperature and O coverage on selectivity on NPAu. Catalysts of nanoporous Ag 0.03 Au 0.97 contained in a quartz reactor were preloaded with 0.015 monolayers of adsorbed O by exposure to O 3 using a pre-treatment protocol that is known to favour the selective formation of methyl formate from methanol 25 . The catalyst was then exposed to successive pulses of methanol diluted in argon, each pulse sufficiently small that (1) the transport of gas through the reactor was dominated by Knudsen flow and (2) the reaction with each pulse produced an insignificant change of the O surface concentration. Multiple successive pulses of methanol led to a gradual decline in the surface O coverage, which allowed the O coverage to be controlled. Product yields were determined by the integration of mass spectrometric signals of each transient response (Figs. 4 and 5 and Methods). The activity and selectivity of the catalyst was thus probed as a function of the O concentration and the temperature. Temperatures were chosen to span those most effective for the catalyst under steady flow conditions at atmospheric pressure 18, 25 . The product distribution strongly depends on both the O coverage and the temperature (Fig. 4 , filled symbols). At 423 K the conversion of the methanol pulse was initially 67%, which decreased to zero as the surface O was consumed. Under these conditions, the dominant product was formaldehyde, unlike either the model studies in single-crystal gold or the reactor studies; a significant amount of CO 2 and minor amounts of methyl formate were also produced. The amount of methyl formate produced increased as the temperature decreased to 363 K, at which it became the dominant product at the higher oxygen coverages (Fig. 4) . Mass balances obtained via quantitative mass spectrometry account for all the carbon-containing products from methanol oxidation.
The predominance of formaldehyde production is different for both the steady-state flow reactor experiments 18 on the same catalyst and the single-crystal studies (Fig. 2) . As shown below, these pulse experiments provide a bridge between the vast pressure and temperature differences in these experiments that further validates the mechanism and reaction network (Figs. 1 and 3). One critical link between these vastly different conditions is that at, the temperature of these transient experiments (363-423 K), desorption and readsorption of formaldehyde clearly occurs. Notably, formaldehyde, methyl formate and CO 2 appear sequentially in response to the methanol pulses (Fig. 5) , which further indicates that the catalytic sequence determined using gold single crystals 15 also applies to the nanoporous Ag 0.03 Au 0.97 catalyst at the reactor temperature. The rate constants obtained from the model studies could then be used as the basis to model quantitatively the product yields ( Fig. 3 ) obtained from the transient responses (Fig. 5) , and so provide a quantitative link between the various sets of conditions.
Determination of rate constants from fundamental studies.
Values for the kinetic parameters (Table 1) for each elementary step in the mechanism were obtained by one of several methods (Supplementary Note 3). For example, in steps that involved C-H bond cleavage (k 2 , k 4b , k 5 , k 6 and k 8 ), the pre-exponent and activation energy were determined experimentally by a temperature-programmed reaction (Methods) on single-crystal gold (for example, Fig. 2 ). The rate-limiting step for methyl formate formation is C-H bond cleavage in the adsorbed methoxy 15 , so the kinetics of methyl formate evolution from the surface directly reflect k 2 (ref. 15 ) ( Table 1 and Fig. 2 ) 26, 27 . The values of the rate constant parameters determined for all the steps are summarized in Table 1 .
Transient pulse/response analysis. The kinetic analysis of micropulse reactors is well developed [28] [29] [30] [31] [32] [33] and enables detailed modelling of the transient responses using a complex reaction network (Fig. 3) . In brief, diffusion equations and reaction equations (including adsorption) were employed to describe the chemical reactions throughout the diffusion-mixed catalytic reactor, to give the timedependent yield of each product (Supplementary Note 6). The appropriate rate expressions were used for the microkinetic representation for each elementary reaction step (Fig. 3) . To obtain the rate constants for each step using regression methods, the initial values were taken from the single-crystal surfaces (Table 1) .
The extensive data from the transient responses (Table 1 and Fig. 4) provide ample information to test the mechanism (Fig. 3) and refine the rate constants that govern the catalytic cycle on the NPAu 28, 34 . The response of the reaction sequence (Fig. 3) to the methanol pulses in the reactor was microkinetically modelled, both axially and time resolved, using a finite difference method (Methods and Supplementary Note 6). The known oxygen coverage, methanol pulse size and physical parameters of the reactor (Supplementary Note 6) were included in the simulation. Initial values of the rate constants from the model studies were regressed at each temperature by fitting the simulated results to the experimental product selectivity (Fig. 2, solid lines) . Steps in the mechanism shown by sensitivity analysis 35 to have no effect on the product selectivity (k 6 , k 8 and k 9 ), were fixed at their estimated values. For all points the fit was excellent (R 2 value of 0.9999 (Supplementary Note 7 and Supplementary Fig. 4) . Generally, only small adjustments to the kinetic parameters measured on the single crystals were required to recreate the experimental results with a very high precision (Table 1) ; these adjustments are generally within the experimental accuracy of the initial estimated values.
Connecting single crystal, pulse and catalytic reactions. First, the striking agreement between the rate constants shows that for oxygen-assisted methanol coupling there is no inherent material or temperature 'gap' from the single-crystal studies and the catalyst. It also underlines the advantage of time-resolved kinetic measurements under well-defined transport conditions, such as TAP, for obtaining accurate rate parameters at the microkinetic level of mechanistic detail. As noted briefly above, under catalytic (ambient) conditions over NPAu and in the model studies on single-crystal gold, the selectivity for methyl formate formation is > 90%, much different from that observed under the Knudsen flow pulse conditions. Further, in the pulse experiments the pressure of methanol in the reactor reached only ~10 −5 bar (ref. 33 ), far below that used in the catalytic reactor (1 bar). These differences can be readily reconciled based on the fundamental knowledge of the reaction mechanism (Figs. 1 and 3 ) and the rate constants derived therefrom (Table 1) . A microkinetic model built from this information was used to predict the selectivity for a wide range of pressures and oxygen coverages and for temperatures of 383, 423 and 463 K by increasing the methanol pulse size into the reactor to increase the methanol mean pressure (Supplementary Note 6), which simulates a continuum of pressure from 10 −8 to 10 2 bar (Fig. 6) . The atomic oxygen coverage on the surface was also varied from 10 −5 to 1 monolayers. Contour plots show that the selectivity for partial oxidation to methyl formate depends strongly on the methanol pressure, whereas the selectivity for formaldehyde versus CO 2 is more sensitive to the oxygen coverage (Fig. 6) . For a mean pressure of 1 bar at 423 K, the coupling selectivity to methyl formate exceeds 95% for oxygen coverages above 5 × 10 −4 monolayers. Further, lowering the reaction temperature shifts the selectivity towards the coupling product at lower reactant pressures, as observed in the pulsed flow Knudsen (TAP) reactor (Fig. 4) .
The kinetic model accurately predicts the high selectivity for methyl formate production (> 98%) for conditions that best mimic the flow reactor (0.1 bar methanol mean pressure and 0.05 monolayers of oxygen (star on Fig. 6 ), and thus validates the model and the approach. Similarly, a high selectivity to methyl formate (> 99%) was computed when the kinetic parameters were used in a plug flow simulation of 10% methanol in an Ar mixture at 1 bar with a constant oxygen coverage of 0.05 monolayers (Supplementary Note 8 and Supplementary Fig. 5 ). The model also accurately predicts the predominance of formaldehyde production observed in some of the transient conditions, for example at 463 K and 10 −5 bar (Fig. 6,  dashed lines) , further validating the kinetic model.
The simulations show explicitly that the large differences in selectivity patterns observed when the results from single-crystal studies are compared with the operational NPAu catalysts is a pressure effect rather than a pressure gap, as it is often referred to in the literature. In other words, we demonstrate here that the fundamental kinetics and mechanism are continuous across pressure regimes, and the fundamental difference is the relative surface concentration of intermediates and/or reactants; there are no inherent differences in reaction mechanisms under the two conditions.
The origin of the pressure and temperature effects. The high selectivity for methyl formate observed in both single-crystal and catalytic studies at atmospheric pressure is attributed to the dominance of methoxy on the surface. In the model studies methanol reacts nearly to completion with preadsorbed oxygen below 150 K to form adsorbed methoxy, with the β -H elimination to Fig. 1 for methanol self-coupling over a NPAu catalyst. The elementary reaction rate expressions that govern each species in the cycle used in the pulse-experiment simulation are shown; the asterisks denote surface-bound species. Neither H 2 nor H 2 O production is included in the network as they do not affect the relative selectivity for carbon-containing products, and they are difficult to quantify experimentally. Also, they do not affect the rates of any of the elementary steps. Asterisks indicate adsorbed species. yield formaldehyde ensuing at ~200 K. Under these conditions, the surface lifetime of formaldehyde is long and the reaction with adsorbed methoxy to form the coupled intermediate (hemiacetal alcoholate) is facile. Furthermore, the concentration of adsorbed O is near zero, due to reaction with excess methanol at 135 K, so that formaldehyde cannot be further oxidized. Thus, without excess oxygen and with readily accessible methoxy, the conversion into methyl formate dominates.
The kinetics also drive the selectivity via the methoxy intermediate to methyl formate under catalytic conditions. Knowledge of the mechanism and the rate constants for each elementary step allows the surface concentration of each reactive intermediate to be calculated from the microkinetic model under all the conditions studied. The effect of pressure is due to the change in the relative surface concentration of the intermediates under the different conditions. Of most significance is the fraction of adsorbed methoxy, F CH O * For typical reactor conditions of 423 K and a surface of O* of 0.05 monolayers, an increase in the mean pressure of methanol from 10 −8 to 10 2 bar increases the fraction of methoxy sigmoidally, which leads to the complete dominance of methoxy above a mean methanol pressure of ~0.01 bar (Fig. 7) . Accordingly, the selectivity to methyl formate exceeds 90% above a methoxy surface ratio of 0.6. This result is the consequence of the relative rates of the competing reactions. 
--
The values are calculated from single-crystal studies (low pressure) and the responses to the methanol pulses (pulse experiment) are given. The kinetic parameters calculated from the pulses were evaluated using Arrhenius plots of the rate constants taken from the regressed simulated pulse experiment within the limited temperature range accessible (373, 393, 413 and 423 K) using the values obtained from the model studies as a starting point. a Denotes adsorbed species b Indicates sticking probability. c R 2 value from equilibrium constant k 3a /k 3b . d No experimental value is available, so 5.00 was assumed to initiate the calculation.
Under the conditions of excess methoxy on the surface, whenever formaldehyde is formed the coupling pathway dominates, that is:
The predominance of formaldehyde production in the transient experiments at 463 K is due to a low coverage of methoxy and the relatively short surface lifetime of formaldehyde in the catalytic flow conditions. The successful modelling of the catalytic behaviour demonstrated here illustrates the potential for accurate and quantitative predictions for working catalytic systems based on the reaction mechanisms and rate parameters derived from single-crystal studies. The success of this methodology for a complex reaction network depends on several key factors. Most importantly, the composition of the surface and the availability of active sites should be similar in the different regimes. Gold is a particularly favourable case because the active-site concentration can be tuned with metal additives. Hence, the generalization of this method to other oxidation reactions on the nanoporous AgA g0.03 Au 0.97 and to other binary alloys of gold or other noble metals is anticipated. Furthermore, these reactions exhibit little sensitivity to the structure of the gold surface, another important aspect that links the reactivity across different states of the material. Lastly, the mechanism must be preserved throughout the range of pressure, temperature and material space. Generally, one would expect a similar success with structure-insensitive catalytic reactions on noble metal catalysts. Extension to structure-sensitive reactions requires a more extensive set of kinetic studies on surfaces of varying structure.
Conclusions
Fundamental mechanistic and kinetic information determined from single-crystal studies in an UHV allows the prediction of the selectivity for the oxygen-assisted esterification of methanol over NPAu catalysts under practical catalytic conditions. The rate constants for the elementary steps that comprise the catalytic cycle obtained on gold single crystals in the temperature range from 150 to 200 K are consistent with those determined for the actual catalytic material at operational temperatures (370-425 K) by a transientpressure pulse-response method. Microkinetic analysis shows that the selectivity towards the ester is governed by the concentration of surface-bound methoxy groups, which dominates the adsorbed reaction intermediates above ~10 −2 bar. Critical to this multidimensional scaling were both the single-crystal and the pulse-response TAP experiments; the latter provided the insight into the origin of the effects of increasing the temperature by 200 K and the pressure by nine orders of magnitude. This study shows the importance of fundamental kinetic studies for the understanding and prediction of heterogeneous catalytic performance and sets out a path forward towards catalysis by design.
Methods
Synthesis and activation of the NPAu material. The NPAu foil catalyst was synthesized according to the previously reported method 18 . Sheets of 6 karat white gold foils (85% Ag/15% Au) were chemically etched in 70% HNO 3 for 30 min. The dealloyed foils were then filtered using excess water over a quartz frit and dried at 323 K under He flow. The NPAu foils were then activated in a flow reactor via a temperature ramp from 303 to 423 K (10 K min -1 ) in a flow of 60 g -1 Nm -3 of ozone in a ~50% O 2 /He gas mixture at a flow rate of 50 ml min -1 at 1 atm and held for 1 h. This was followed by exposure to a stream of 10% CH 3 OH and 20% O 2 in He at 1 atm, ramping from 323 to 423 K until a constant activity was seen. The activated catalyst was then transferred to the TAP reactor, and the sample was evacuated and reduced via the sequential pulsing of methanol.
Transient pulse-response experiments. To mimic the state of the activated catalyst under flow conditions for the pulse measurements, the NPAu was first oxidized using ozone and then partially reduced by CO. It is known that the CO removes the unselective gold oxide that forms initially in the activation procedure with ozone, and leaves behind the selective oxygen species that is involved in the partial oxidation of methanol into methyl formate 25 . The sample was housed in a quartz microreactor evacuated to 10 −8 torr as part of a commercial TAP-2 type reactor 28 which has both flow and pulse capabilities. During a pulse experiment, the time-resolved exit flow of the gas was recorded via a quadrupole mass spectrometer (QMS) at the reactor exit, the pulse responses were integrated and the total gas composition calculated. Due to the limitations of the QMS only one m/z could be measured per pulse, and therefore to scan all the m/z values, multiple pulses are required. This combination of pulses is here referred to as a pulse set. The quartz microreactor was packed in a thin zone configuration with a layer of ~350 μ m SiC (depth of the packed bed: 20.1 mm) followed by a layer of NPAu catalyst (2.1 mm) followed by a final layer of SiC (26.0 mm) for a total reactor length of 48.4 mm.
For the initial oxidation, a mixture of ozone (60 g Nm -3 ) in oxygen was bled in to the reactor at a rate that sustained a pressure of ~2 × 10 −6 torr in the chamber for 40 min. The oxidized catalyst was then heated to 403 K and exposed to repeated pulses of a CO/Ar mixture while measuring the intensity at m/z 28 and 44 (CO and CO 2 , respectively) until the CO 2 production had ceased. During the methanol pulse experiments, nanomolar (~1 × 10 14 molecules) pulses of methanol in a methanol/ Ar mixture were passed over the prereduced NPAu catalyst at temperatures that ranged from 363 to 423 K. Five pulses were required to probe the measured intensity values at m/z 60, 44, 40, 31 and 30 relating to methyl formate, CO 2 , argon, methanol and formaldehyde, respectively. During each pulse set surface oxygen was being consumed, and therefore it was possible to probe a range of oxygen coverages through sequential pulsing. Pulse sizes were chosen to ensure Knudsen flow throughout the reactor.
Quantification of TAP pulse responses. To calculate the selectivity of the products, total correction factors to determine the number density of molecules in the QMS ionizer were calculated using the equation derived in Xu et al. 36 . This procedure allows the quantification of the number of moles of products without having to calibrate each of the individual gases to the argon tracer (Supplementary Table 1 ). The total amount of gas in a TAP pulse is taken as the integral of the time-resolved transient. To calculate the selectivity of the products, first the fragments for the various products were removed from the transient response (for example, the m/z 31 fragment from methyl formate was subtracted from the methanol transient), and then corrected using their respective total correction factor value. To calculate the composition of the gas mixture at the reactor exit, first the responses were corrected using the procedure outlined in Supplementary Notes 1 and 2. The pulses were then integrated with respect to time to give a total concentration detected at the reactor exit. Finally, the composition of the gas at the reactor exit was calculated using: where [C X ] is the amount of carbon present in a gas X. For the sake of stoichiometry, the selectivities were calculated based on the total amount of carbon present in the molecule.
TPRS.
The TPRS experiments were performed on an Au(110) single crystal under UHV conditions in a chamber with a base pressure of 10 −10 torr. The methanol oxidation experiments consisted of an initial ozone exposure of the clean Au(110) surface at 300 K, followed by cooling of the sample to 120 K, before dosing methanol. The initial oxygen coverage was calibrated to be 0.05 monolayers and the amount of adsorbed methanol on the O/Au(110) interface was in great excess. After dosing methanol onto the oxygen-predosed surface, the single crystal was heated at a constant rate and all products that evolved into the gas phase were quantified by a QMS. Similarly, temperature-programmed desorption experiments were performed by the adsorption of formaldehyde or methyl formate on the atomically clean Au(110) surface at 120 K and subsequent annealing of the Au single crystal with a constant rate of 5 K s -1 , and the desorbing mass fragments recorded with a QMS. Analysis of the surface after such a treatment showed that no residual species remained on the surface.
Microkinetic modelling.
To clarify our use of the term 'microkinetic modelling' , we offer the following definition, which is currently widely used in the literature 35, 37, 38 : In microkinetic analysis, all elementary steps that comprise the reaction mechanism are considered explicitly, and no assumptions about the ratedetermining step are made.
Implicit in this definition is the knowledge of the important elementary steps and their rate constants (Supplementary Table 2 ). In the study reported here these facts were determined from single-crystal studies. The microkinetic analysis was performed on a surface with a specific O coverage, assumed constant. This assumption is consistent with reactor studies of methanol coupling on NPAu catalysts, which show saturation of the surface active sites by adsorbed O. Data analysis and model regression. All postprocessing, data analysis and model regressions were performed using the MATLAB (R2016b) 39 programming environment, using in-house purpose-built scripts.
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